Ganpu tea is an emerging tea drink produced from Pu-erh tea and the pericarp of Citrus reticulate Chachi (GCP). Recently, it has been increasingly favored by consumers due to the potential health effects and special taste. However, information concerning its chemical profile and biological activities is scarce. In this work, a total of 92 constituents were identified in hot-water extracts of Ganpu tea with ultra-high performance liquid chromatography/quadrupole-time-of-flight tandem mass spectrometry (UHPLC-Q-TOF-MS/MS). Moreover, the antioxidative and gut microbiota modulatory properties of Ganpu tea were investigated in rats after long-term dietary consumption. Ganpu tea and GCP could significantly enhance the activities of superoxide dismutase (SOD) by 13.4% (p < 0.05) and 15.1% (p < 0.01), as well as the activities of glutathione peroxidase (GSH-Px) by 16.3% (p < 0.01) and 20.5% (p < 0.01), respectively. Both showed better antioxidant capacities than Pu-erh tea. Ganpu tea increased the abundance of Bifidobacterium, Lactobacillus, and Lactococcus, suggesting the potential of Ganpu tea in modulating the gut microbiota to benefit human health. The obtained results provide essential information for further investigation of Ganpu tea.
Introduction
Pu-erh tea is a microbial fermented tea produced using sun-dried leaves of large-leaf tea species (Camellia sinensis (Linn.) var. assamica (Masters) Kitamura) in Yunnan Province of China [1] . It has been proven to possess multiple health-promoting effects, including antioxidation, anti-aging, and hypolipidemic efficacies [2, 3] . As a well-known tea, Pu-erh tea is increasingly popular among consumers in Southeast Asia and has many derivative products. Ganpu tea is an emerging tea drink produced from Pu-erh tea and the pericarp of Citrus reticulate Chachi from Xinhui County (Guangdong Province, China) [4] . The manufacturing process of Ganpu tea is briefly summarized as follows: Whole fresh pericarp of C. reticulate Chachi is separated, filled with Pu-erh tea, dried together, and stored in a cool and ventilated place ( Figure 1 ). The pericarp of C. reticulate "Chachi" from Xinhui County, called "Guangchenpi" (GCP) in Chinese, is widely used in cuisine and traditional medicine in China mainly due to its beneficial health effects as well as its special flavor [5, 6] . Traditionally, both GCP and Pu-erh tea are considered to be of better quality if they are stored longer [1, 7] . For instance, only GCP that has been stored for more than three years can be considered qualified [8] . The combination of Ganpu tea not only incorporates this characteristic but also blends the fruit flavor of GCP with the mellow taste of Pu-erh tea. Thanks to its health efficacies and special taste, Ganpu tea is increasingly favored by Gut microbiota play a vital role in many aspects of human nutrition and health [9] , including promoting the supply of nutrients, preventing pathogen colonization, and shaping and maintaining normal mucosal immunity [10] . Gut microbiota dysbiosis (generally with lower bacterial diversity) has been reproducibly observed in animal models and human studies with multiple diseases, such as obesity [11] , diabetes [12] , chronic gastrointestinal disease [13] , etc. Certain foods and dietary patterns can influence the diversity and abundance of gut microbiota, which consequentially in turn affect host health. Recently, gut microbiota has emerged as a new frontier in understanding the health efficacies of functional foods and complementary medicines [14] . Both Pu-erh tea and GCP contain abundant polyphenolic compounds, which may be associated with their beneficial health properties [1, 5] . After oral administration, these polyphenolic compounds will unavoidably interact with gut microbiota by modification of the microbial composition or by conversion of the phenolics to further bioactive compounds [15] . Therefore, it would be interesting to investigate whether and how Ganpu tea rich in phenolic compounds may alter gut microbiota.
This study was conducted to investigate the chemical profiles and antioxidative properties of Ganpu tea, along with its modulatory effects on gut microbiota. The chemical composition in the water extract of Ganpu tea was first profiled using a UHPLC-Q-TOF-MS/MS system. Then, oral administration experiments with the water extract of Ganpu tea were conducted in rats. The activities of antioxidant enzymes in serum were determined to evaluate the antioxidative properties of Ganpu tea. Moreover, the gut microbial community was analyzed by high throughput 16S rRNA gene sequencing.
Materials and Methods

Herbal Material and Chemicals
Samples of Ganpu tea and the corresponding raw materials (including Pu-erh tea and GCP) were provided by Xinhui Hele Tea Art Co. Ltd. (Jiangmen, China). The reference standards of gallic acid, caffeine, hesperidin, naringin, neohesperidin, rutin, rhoifolin, and synephrine were obtained from the National Institute for Control of Biological and Pharmaceutical Products of China (Beijing, China). Naringenin, poncirin, nobiletin, sinensetin, tangeretin, and mass spectrometry (MS) grade formic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hesperetin and N-methyltyramine were acquired from Sinova (Shenzhen, China). MS-grade acetonitrile was purchased from Fisher Scientific (Pittsburgh, PA, USA). Water used in the experiment was distilled and further purified with a Milli-Q system (Millipore, Milford, MA, USA). All other reagents used were of analytical grade.
Sample Preparation
The Ganpu tea sample (100 g) was cut into small pieces, and then soaked in boiled distilled water for three times (2, 1.5, and 1.5 L of each bulk, respectively, for 20, 15, and 15 min, respectively). After filtration, the whole extracts were evaporated to 500 mL by a rotary evaporator (Eyela, Tokyo, Japan) at 60 • C to obtain the Ganpu tea extract (GTE) with a concentration of 0.2 g/mL. As the whole Ganpu tea (rather than its crumb) is usually put into hot water when brewing, the average weight ratio of Pu-erh tea to GCP in Ganpu tea was experimentally determined as 8:2. To separately evaluate the effects of Pu-erh tea and GCP, a corresponding proportion of raw materials were extracted with boiled distilled water and concentrated to obtain Pu-erh tea extract (PTE) (0.16 g/mL) and GCP extract (GCPE) (0.04 g/mL). The final extracts were stored at −80 • C until further utilization.
The mixed solution of reference standards used in identification was prepared with methanol at the concentration of 10 µg /mL for each compound. The extracted solutions were filtered through a 0.22-µm microporous filter before UHPLC-Q-TOF-MS/MS analysis.
UHPLC-Q-TOF-MS/MS Analysis
Analysis of the Ganpu tea sample was performed using UHPLC-Q-TOF-MS/MS, ultra-fast liquid chromatography (Shimadzu Corp., Kyoto, Japan) coupled with quadrupole/time-of-flight mass spectrometry (Triple TOF 5600 plus, AB SCIEX, Foster City, CA, USA). Gradient chromatographic separation was performed on a Kinetex C 18 column (2.6 µM, 150 mm × 3.0 mm) and maintained at 40 • C. The mobile phase consisted of acetonitrile (A) and water containing 0.1% aqueous formic acid (v/v) (B). The elution was carried out by the following program: 10-30% A (0-5 min), 30-80% A (5-27 min), 80-100% A (27-28 min), and 100% A (28-33 min) with the flow rate kept at 0.3 mL/min. The injection volume was 10 µL.
MS/MS identification was conducted using an electrospray ionization (ESI) source with the following parameters. The ion spray voltage was 5500 V in positive ion mode while −4500 V in negative ion mode. The mass range was from m/z 100 to 1500. The ion source gas 1 and gas 2 were both 55 psi, and the curtain gas was set as 35 psi. The ion source temperature was maintained at 550 • C. The declustering potential was 80 V. The collision energy and its spread was set as 35 and 25 eV, respectively. Nitrogen was used as the nebulizer and auxiliary gas. Data acquisition was carried out using Analyst ® TF 1.6 software (AB Sciex, Foster City, CA, USA) in the information-dependent acquisition mode.
Animals and Experimental Design
Male Sprague-Dawley rats (weighing 180-220 g) were purchased from Guangdong Medical Experimental Animal Center and raised in the specific pathogen-free (SPF) condition. All experimental processes were approved by the Animal Ethics Committee of the School of Life Sciences in Sun Yat-sen University, and conducted according to the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978) . Environmental conditions in the SPF houses was kept at 20 to 23 • C, 50% to 65% relative humidity, and 12-h dark/light cycle. Rats were fed for one week to adapt to the new environment before the experiments.
In total, 40 rats were randomly assigned into four groups with 10 rats in each group: Control group, GTE group (0.2 g/mL, 15 mL/kg/d), PTE group (0.16 g/mL, 15 mL/kg/d), and GCPE group (0.04 g/mL, 15 mL/kg/d). Rats were administrated a corresponding extract by gavage twice daily for 28 consecutive days. The control group received the same volume of distilled water. After the last administration, the animals were fasted for 12 h with water available ad libitum. On the next day, the rats were anesthetized with 10% chloral hydrate (3 mL/kg) by intraperitoneal injection. Blood samples were collected from the abdominal artery and then centrifuged to obtain serum samples. Feces samples were collected from the rectum of each rat, transferred into sterile conical tubes, and immediately frozen in liquid nitrogen. Obtained samples were stored at −80 • C until further analysis.
Assay of Antioxidant Enzyme Activity in Serum
Activities of serum antioxidant enzymes, including superoxide dismutase (SOD), malondialdehyde (MDA), and glutathione peroxidase (GSH-Px), were determined in accordance with the protocols of the corresponding kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) with a spectrophotometer.
Gut Microbiota Analysis Using 16S rRNA Gene Sequencing
Total bacterial DNA were extracted from feces samples using the Power Soil DNA Isolation Kit (MO BIO Laboratories, USA) according to the manufacturer's instructions. The 16S rRNA gene comprising V3-V4 regions was amplified by PCR using the common primers 338F (5 -ACTCCTACGGGAGGCAGCA-3 ) and 806R (5 -GGACTACHVGGGTWTCTAAT-3 ) combined with adapter sequences and barcode sequences. After PCR amplification, sequencing was performed on an Illumina Hiseq 2500 platform by Biomarker Technologies Co. Ltd. (Beijing, China).
The raw paired-end reads were merged using FLASH (version 1.2) [16] and filtered with Trimmomatic (version 1.2.11) [17] . All quality filtered sequencing reads were then clustered into operational taxonomic units (OTUs) based on a 97% sequence similarity according to UCLUST [18] . The OTU abundance information was normalized for further analyses of the alpha and beta diversity. Community richness and diversity estimators of Chao1, ACE, Shannon index, and Simpson index were calculated in Quantitative Insights into Microbial Ecology (QIIME) program (version 1.8) [19] . Furthermore, beta diversity analysis was utilized to evaluate the differences of samples in species complexity, which was proceeded by the gower algorithm in principal coordinate analysis (PCoA). To identify the representative taxa among each group, the linear discriminant analysis (LDA) effect size (LEfSe) algorithm was then performed with an alpha value of 0.05 and an LDA score threshold of 3.0 [20] . All processes were performed on the BMKCloud platform (www.biocloud.net).
Statistical Analysis
Data were expressed as mean ± standard deviation (SD). The significant differences between the groups were assessed by Student's t-test in SPSS 18.0, and p < 0.05 was considered as a significant difference.
Results and Discussion
Identification of Chemical Compounds in GTE by UHPLC-Q-TOF-MS/MS
The chemical compounds of GTE, as well as PTE and GCPE, were characterized using UHPLC-Q-TOF-MS/MS in both positive and negative ion modes. The basic peak chromatograms (BPCs) of GTE are shown in Figure 2 . The elution time, accurate molecular weights, and MS/MS fragment ions of the identified compounds are presented in Table 1 . A total of 92 compounds were identified or tentatively characterized, including 63 flavonoids, 8 catechins, 14 organic acids, 6 alkaloids, and 1 limonin. Flavonoids are an important class of plant secondary metabolites and have been shown to possess multiple biological activities, including antioxidant, anti-inflammatory, and cardioprotective properties [21, 22] . In this work, a total of 63 flavonoids-comprising 12 flavonoid-O-glycosides, 7 flavonoid-C-glycosides, 11 flavonoid aglycones, and 33 polymethoxylated flavonoids-were detected in GTE. These flavonoids were mainly derived from GCP, and the corresponding MS/MS fragmentation modes were aligned with our reported results [6] . Flavonoids are an important class of plant secondary metabolites and have been shown to possess multiple biological activities, including antioxidant, anti-inflammatory, and cardioprotective properties [21, 22] . In this work, a total of 63 flavonoids-comprising 12 flavonoid-O-glycosides, 7 flavonoid-C-glycosides, 11 flavonoid aglycones, and 33 polymethoxylated flavonoids-were detected in GTE. These flavonoids were mainly derived from GCP, and the corresponding MS/MS fragmentation modes were aligned with our reported results [6] . Catechins, a class of polyphenolic compounds present in tea, are regarded as a major contributor to the beneficial effects of tea diets. A total of eight catechins (compounds 6, 12, 17, 22, 23, 28, 33,  and 35) were characterized in GTE. Compound 6 and 12 both gave the quasi-molecular ions [M-H] − at m/z 305 and have similar fragmentation patterns. By comparing the accurate molecular weights, MS/MS fragmentation modes, and elution time with the references [23] , compound 6 and 12 were proposed as gallocatechin and epigallocatechin, respectively. Typical retro-Diels-Alder (RDA) reactions were observed in the MS/MS fragmentation of these catechins. For example, with the RDA reaction involved in the cleavage of bonds 1 and 2 in the C ring, deprotonated gallocatechin (m/z 305.0664) gave its product ions at m/z 165.0119 and 139.0398 while m/z 167.0326 and 137.0228 were considered to flow from the cleavage of bonds 1 and 3. The signals at m/z 179.0447 and 125.0236 could be explained by either the cleavage of bond 5 or the simultaneous cleavage of bonds 1 and 4. In addition, the product ions at m/z 261.0807, 219.0621, and 137.0228 were yielded by the successive loss of CO 2 , C 2 H 2 O, and C 5 H 6 O from deprotonated gallocatechin. Another product ion at m/z 221.0413 was generated from the successive loss of C 2 H 2 O in ring A and B. The fragmentation scheme of deprotonated gallocatechin is proposed in Figure 3 . Catechins, a class of polyphenolic compounds present in tea, are regarded as a major contributor to the beneficial effects of tea diets. A total of eight catechins (compounds 6, 12, 17, 22, 23, 28, 33, and  35) were characterized in GTE. Compound 6 and 12 both gave the quasi-molecular ions [M-H] − at m/z 305 and have similar fragmentation patterns. By comparing the accurate molecular weights, MS/MS fragmentation modes, and elution time with the references [23] , compound 6 and 12 were proposed as gallocatechin and epigallocatechin, respectively. Typical retro-Diels-Alder (RDA) reactions were observed in the MS/MS fragmentation of these catechins. For example, with the RDA reaction involved in the cleavage of bonds 1 and 2 in the C ring, deprotonated gallocatechin (m/z 305.0664) gave its product ions at m/z 165.0119 and 139.0398 while m/z 167.0326 and 137.0228 were considered to flow from the cleavage of bonds 1 and 3. The signals at m/z 179.0447 and 125.0236 could be explained by either the cleavage of bond 5 or the simultaneous cleavage of bonds 1 and 4. In addition, the product ions at m/z 261.0807, 219.0621, and 137.0228 were yielded by the successive loss of CO2, C2H2O, and C5H6O from deprotonated gallocatechin. Another product ion at m/z 221.0413 was generated from the successive loss of C2H2O in ring A and B. The fragmentation scheme of deprotonated gallocatechin is proposed in Figure 3 . 
Antioxidant Activities
Oxidative stress is important in the pathogenesis of many diseases, such as diabetes, cardiovascular diseases, and neurodegenerative diseases [24] . Plant-derived polyphenolic compounds are an important class of dietary antioxidant components that may reduce the risk of these diseases [25] . Flavonoids and catechins are primary polyphenols found in GTE, which are mainly derived from GCP [26] and Pu-erh tea [1] , respectively. As shown in Figure 4 , both the GTE group and GCPE group could significantly increase the activities of antioxidant enzymes SOD and GSH-PX. Specifically speaking, Ganpu tea significantly enhanced the activities of SOD and GSH-PX by 13.4% (p < 0.05) and 16.3% (p < 0.01) while GCP increased their activities by 15.1% (p < 0.01) and 20.5% (p < 0.01), respectively. Correspondingly, the PTE group only significantly increased the activity of GSH-PX by 12.4% (p < 0.05). There were no significant differences in the content of MDA among the four groups of rats. The results showed that GTE and GCPE had better antioxidant capacities than PTE, suggesting that Ganpu tea and GCP may serve as natural dietary antioxidants (especially containing flavonoids).
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Effects on Fecal Bacteria Composition
After 28 days of dietary intervention, feces samples were collected for an analysis of the gut microbiota community in the rats. A total of 2,542,728 high-quality sequences of the V3-V4 region of the 16S rRNA were obtained from 40 feces samples. The average sequence number was 66,914. Based on a 97% similarity level, all of the effective reads were clustered into OTUs. At the phylum level, the most abundant bacteria were Firmicutes (42.4%), Bacteroidetes (40.0%), Proteobacteria (12.3%), Actinobacteria (2.5%), and Cyanobacteria (0.95%).
After oral administration for 28 consecutive days, there was no significant differences in bacterial richness (expressed by the ACE and Chao1 index in Figure 5 ), diversity (expressed by the Shannon and Simpson index in Figure 5 ), and overall structure (shown in Figure 6 ) among the four groups. These results indicated that long-term consumption of GTE, PTE, or GCPE did not significantly affect the gut microbiota in healthy rats. Nevertheless, some subtle beneficial changes in gut microbiota, which were associated with the dietary consumption, were identified with the LEfSe analysis. As the threshold on the logarithmic LDA score was set at 3, a total of 39 genera were screened in the LEfSe analysis (shown in Figure 7 ). 
After oral administration for 28 consecutive days, there was no significant differences in bacterial richness (expressed by the ACE and Chao1 index in Figure 5 ), diversity (expressed by the Shannon and Simpson index in Figure 5 ), and overall structure (shown in Figure 6 ) among the four groups. These results indicated that long-term consumption of GTE, PTE, or GCPE did not significantly affect the gut microbiota in healthy rats. Nevertheless, some subtle beneficial changes in gut microbiota, which were associated with the dietary consumption, were identified with the LEfSe analysis. As the threshold on the logarithmic LDA score was set at 3, a total of 39 genera were screened in the LEfSe analysis (shown in Figure 7 ). Differences in the gut microbiota between groups using linear discriminant analysis effect size (LEfSe) analysis at the genus level (n = 10). For taxa, which were defined as unclassified, no rank, ncultured, or Incertae-Sedis, the name of a higher taxon level was added before its taxon abbreviation (p, phylum; c, class; o, order; f, family; g, genus; s, species).
Pu-erh tea is processed by microbial fermentation of sun-dried green tea leaves. Microbes play important roles in the development of the special properties of fermented Pu-erh tea [1] . Some bacteria that are common in the fermentation process of Pu-erh tea were also found to be enriched in the gut microbiota of rats in the PTE group, including Bacillus, Brachybacterium, Paenalcaligenes, and Jeotgalicoccus. Among them, Bacillus is a safe thermoduric probiotic and the dominant bacterium during the fermentation of Pu-erh tea [27] . Bacillus could produce β-glucosidase and cellulase, which would decompose the nutrients of the tea, produce organic acids, and further promote the formation of flavor substances in Pu-erh tea. Bacillus can facilitate the digestion and utilization of nutrients in the host as well. Similarly, Brachybacterium is also a cellulose-decomposing bacterium [28] . These bacteria possess essential capacities for the fermentation of non-digestible carbohydrates (e.g., dietary fibers), which are defined as food components or ingredients that are not digestible by the host [9] . This fermentation gives rise to a mass of sugar or amino acid components, which could specifically or selectively nourish beneficial colonic micro-organisms like Bifidobacterium [29] .
Moreover, Pu-erh tea stimulated the relative abundance of Alistipes and Odoribacter in the gut microbiota of rats. In several studies, a significant increase of Alistipes and Odoribacter was found to be associated with a polyphenol-rich diet [30, 31] . The major metabolic product of Alistipes is succinic acid [23] while Odoribacter is a butyric acid-producing bacterium [32] . These short-chain fatty acids (SCFAs), which are metabolic by-products of bacterial metabolism, play a vital role in the maintenance of colonic integrity and metabolism [33] . The available literature indicates that SCFAs could act not only as nutrients for the colonic epithelium, and modulators of intracellular pH and cell volume, but also as regulators of proliferation, differentiation, and gene expression [34] .
In the GCPE group, nine genera were upregulated, with four of them belonging to the Ruminococcaceae family. Ruminococcaceae members possess a capacity to degrade plant fibers and polysaccharides to generate glucose and SCFAs, which may promote the energy intake from fiber, inhibit opportunistic pathogens, and protect the hosts against inflammation and colonic diseases [35, 36] . Some studies indicated that the abundance of Ruminococcaceae family bacteria correlates negatively with arterial stiffness and endotoxemia [37, 38] . Besides, the Coprococcus 3 and Eubacterium coprostanoligenes group were enriched within the GCPE group. Coprococcus 3 is a butyrate-producing genus, which could stimulate colonic motility to maintain a healthy gut [39] . The Eubacterium coprostanoligenes group can convert cholesterol to coprostanol, which is poorly absorbed in human intestines and would be excreted, leading to a reduction in the blood cholesterol concentration [40] .
With the LEfSe analysis, 16 genera were found to be enriched within the GTE group. In particular, Bifidobacterium, Lactobacillus, and Lactococcus, which are well-known probiotics, were abundant in the gut microbiota of rats within the GTE group. Lactobacillus and Bifidobacterium are engaged in many functional foods and dietary supplements, with many health-promoting properties, such as the prevention of enteropathogen colonization (barrier effects) [41] , reinforcement of the immune system [42] [43] [44] , and easing digestive concerns [45] . Lactococcus lactis is a food-grade microorganism as well, and has been widely used in the food fermentation industry. Research showed that Lactococcus lactis exhibits anti-inflammatory properties in colitis [46] . Faecalibaculum was upregulated in the GTE group as well, which could produce butyrate [47] . Meanwhile, some pathogens, like Acinetobacter and Pseudomonas, were detected in the GTE group, which have been discovered in the fermentation of Pu-erh tea [27, 48] . Whether they are harmless symbionts or pathogens needs further study.
Taken together, long-term dietary intake of GTE, PTE, or GCPE exerts some subtle beneficial effects in the gut microbiota of healthy rats. In particular, Ganpu tea, the mixture of Pu-erh tea and GCP, had a better capacity to stimulate the proliferation of probiotics, including Bifidobacterium, Lactobacillus, and Lactococcus. These results reveal the potential of Ganpu tea in modulating host gut microbiota, and consequentially, improving health benefits.
Conclusions
In this study, the chemical profiles of Ganpu tea were first investigated with a rapid UHPLC-Q-TOF-MS/MS method. A total of 92 compounds were identified or tentatively characterized, including 63 flavonoids, 8 catechins, 14 organic acids, 6 alkaloids, and 1 limonin. Furthermore, the antioxidative and gut microbiota modulatory properties of Ganpu tea were evaluated in rats after oral administration for 28 consecutive days. Ganpu tea and GCP were found to possess better antioxidant capacities than Pu-erh tea. Moreover, Ganpu tea could enhance the abundance of probiotics (including Bifidobacterium, Lactobacillus, and Lactococcus), revealing the potential of Ganpu tea in modulating the host gut microbiota to benefit human health. The obtained results would be useful in improving the utilization and consumption of Ganpu tea in functional foods/beverages, and provide essential information for further research to investigate the underlying biochemical mechanisms of its health efficiencies.
